INTRODUCTION
According to the Slonczewski-Weiss-McClure (SWMcC) energy band model, the three dimensional graphite should be semimetal because the valence band overlaps slightly to the conduction band1),2) , while the two dimensional graphite should be zero band gap semi-conductor because the valence band and the conduction band touch together just at the Fermi leve13) Moreover, the graphite dilayer density of state at the Fermi level has been predicted to be much smaller than that for the bulk crystal4) . Therefore, the electron energy band structure of very thin graphite crystals is expected to be different from that of bulk crystals, that is, the degree of the overlap of these two bands will depend on the film thickness. Moreover, the bands overlap should be reflected in the carrier concentrations. In fact, some kinds of carbon fibers have been treated as quasi-two dimensional carbon materials. The electrical properties of these materials were measured under the various conditions5)-8) . Especially, the temperature dependence of the electric resistivity was discussed in relation to the effect of heat treatment temperature (HTT)5),7),8) . HTT, however, has an influence on both basal plane stackings and the crystalline growth along the basal plane, simultaneously. Therefore, it will be necessary to measure the electrical properties of thin graphite films with good crystal perfection, only by changing the thickness.
The measurements of the electrical resistivity have already been carried out for kish graphite (KG) films with various thicknesses, and it has been reported that the carrier concentrations of very thin crystals are different from those of bulk crystals9),10) However, two subjects were found to be improved. In the first place it was pointed out that the thin films cemented on the substrates with the epoxy resin might be distorted by changing the temperature and this distortion should have an effect on their electric resistivity. In the second place the residual resistivity ratio (rrr) values of the bulk KG crystals had not been measured before cleaving. The value of rrr is the ratio of the resistivity measured at room temperature to that at 4.2K. The quality of the graphite materials is evaluated by the rrr value.
In this study, we prepared the graphite specimens of thickness ranging from 290A to 1110A by cleaving a KG crystal with high crystallinity improving on two points mentioned above. The temperature dependence of the electric resistivity was measured in the temperature range between 4.2K and room temperature. A simple two band (STB) model11) and the effect of the lattice vibration'2) were applied to the experimental results, and then the values of the band overlap energy were estimated for the thin graphite crystals with various film thicknesses.
EXPERIMENTAL
All the specimens measured in this study were made of an original bulk crystal of KG. The rrr value of the crystal was 32.3. The graphite crystal used in this study can be judged to be a good one.
We prepared specimens by the following procedure: we fixed the graphite crystal on a glass plate covered with a doublesided adhesive tape, applied a small hard rubber block covered with another double-faced adhesive tape on the crystal surface to cleave, and repeated this operation untill the crystal turned translucent. After washing the crystal in organic solvent to remove from double-faced adhesive tape, we just put the graphite films on quartz plates and did not fix them, in order to keep the specimens free from strain caused by varying temperature.
The sample thickness was determined from the measurement of transmitted light intensity at the wavelength of He-Ne laser by referring to a theoretical relationship between transmission and thickness, which had been calculated by taking i (the refractive index) = 2.2 and K (the extinction coefficient) = 1.4 at normal incidence for graphite13) A uniform part in the film was worked into a bridge type specimen under a binocular microscope9) , where the deviation of thickness from the average value was about 20A at most and the surface area was larger than 0.05mm2. Silver fine wires 0.1 mm in diameter were fixed to the specimen with conductive silver coating material as electrodes. The resistivity was measured with conventional four terminal method. The temperature was measured from 4.2K to room temperature using an Au-Fe versus Chromel thermocouple.
3. RESULTS Fig.1 shows the in-plane electric resistivity p of thin graphite crystals with various film thicknesses as a function of temperature T. Roughly speaking, the thinner the crystal, the larger the resistivity in the whole range of temperature measured. The lattice defects may be produced by the cleaving operation, but the film thickness did not depend on the number of cleaving operation to make thin films. Therefore, it can not be expected that the thinner crystals have more defects. The temperature dependence of the resistivity of crystals thinner than 500A reveals a peak at around several tens degree Kelvin. This tendency of p-Tcurves is qualitatively consistent with the result obtained before9) .
ANALYSIS AND DISCUSSION
The temperature dependence of resistivity p defined by Eq.
(1) depends on total carrier density n and mean relaxation time r where m*and e represent the mean effective mass and the where A is constant. On the other hand, using the STB model 11), n is approximately given by Eq. (3) where ne and nh are densities of electrons and holes respectively, h the Plank's constant, k the Boltzman's constant, co the lattice constant. Using Eqs. (2) and (3) , Eq. (1) is written Especially, it should be noted that the resistivity po at zero K depends on both ƒÑi and Eo as follows:
In order to expand the temperature dependence of the resistivity of thin films, p was normalized with the value at the liquid helium temperature as shown in Figs.2 (a) and (b) , which can correspond to Eq. (6) derived from Eqs. (4) Fig.4 and Fig.5 , respectively. As shown in Fig.4 be predominant even in the high temperature region. In order to investigate the carrierconcentrations and the relaxation times of thin graphite crystals separately, measurements of the galvanomagnetic properties will be required.
CONCLUSION
Thin graphite crystals were prepared by cleaving a KG crystal withthe rrr value of 32.3 and were kept free from strain. The thickness of thin graphite crystals was ranging from around 300 to 1000A. The temperature dependence of the in-plane resistivity of these graphite films was measured at temperatures between 4.2K and room temperature. Applying the STB model and the Sugihara's theory for lattice vibration in thin-film carbon on the experimental results, we obtained the overlap energy Eo of conduction and valence bands for the graphite films with various film thicknesses. It was found that Eo decreases with decreasing thickness and approaches to a small value for the films thinner than 500A. Furthermore, it was found that the effect of 1/Ti increase raidly, as the film thickness decreases.
